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We propose a method for modeling a three-dimensional thermal structure with a particular focus on the lower
crust. Our method enables high-resolution modeling without heat ﬂow data, but with earthquake hypocenter data
in the crust and seismic attenuation data in the upper mantle. In our method, the temperature at the bottom of
the seismogenic layer is estimated under the assumption that the bottom depth corresponds to a brittle-ductile
transition zone. Next, the temperature beneath the Moho discontinuity is estimated using seismic attenuation
data of the mantle and a few point temperature data inferred from mantle xenoliths. Finally, the temperatures
between the two depths are linearly interpolated. Attempts to construct an actual model for the Japanese Islands
are also described.
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1. Introduction
A strong three-dimensional nonuniformity is thought to
exist in the thermal structure of the crust and the up-
per mantle beneath the Japanese Islands, where a cool
oceanic plate is subducting while hot melts rise from the
mantle (Nakajima and Hasegawa, 2009) (Fig. 1). The
nonuniformity of the thermal structure in the deep crust af-
fects the viscoelastic structure and, ultimately, has an in-
ﬂuence on regional crustal deformations. For example,
Shimamoto (1992) claimed that the three-dimensional vis-
coelastic crustal structure affects the distribution of active
faults of the Japanese Islands. Iio et al. (2004) also sug-
gested the possibility that the viscosity of the lower crust
has a strong impact on the stress accumulation that causes
inland earthquakes.
We intend to perform numerical simulations of crustal
deformations of the Japanese Islands, based on a physical
model, with a ﬁnal goal of performing long-term (over sev-
eral decades) forecasting of large inland earthquakes. For
this purpose, it is required to model the three-dimensionally
nonuniform viscoelastic (rheological) crustal structure on
the basis of models of thermal and lithological structures,
and to model the regional stress ﬁeld to be applied as a
boundary condition (Fig. 2). Fruitful results are not achiev-
able without basic data on the deep crustal structure, with a
maximum possible resolution. While the resolution needed
for the earthquake forecasting is unknown, a minimum hor-
izontal resolution of 30 km—a scale comparable to rela-
tively large active faults in the Japanese Islands—is likely
to be necessary to capture the horizontal scales over which
stress regimes locally change. Once a viscoelastic-structure
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model is constructed, a simulation can be executed, and
then the results can be compared with observed data and
fed back to the model until the requirements for resolution
and accuracy can be assessed. If the accuracy of the sim-
ulations can be improved with this process, it may become
possible to forecast, for example, the post-seismic crustal
deformations after the 2011 Tohoku earthquake.
With the above as a background, this paper reports on
the modeling of a three-dimensionally nonuniform thermal
structure beneath the Japanese Islands focusing on the lower
crust.
2. Method
2.1 Defects of existing methods
Typically, governing equations are solved to model a
thermal structure in the deep crust by assuming factors
such as the heat conductivity of rocks, the radioactive heat
production, ﬂuid convection, and partial melting, using
heat ﬂow data obtained at the ground surface (Jaupart and
Mareschal, 2010). However, available heat ﬂow data are not
so dense. Although thermal gradient data in the inland ar-
eas of the Japanese Islands were considerably increased by
Tanaka et al. (2004), they are still insufﬁcient for our pur-
pose, as described in Section 1, from the viewpoint that a
statistical approach is required to analyze the data contam-
inated by shallow noises such as groundwater ﬂow (e.g.,
Okubo et al., 2005) (Fig. 3). Further problems include bias
due to frequent sampling from a hydrothermal ﬁeld (Tanaka
et al., 2004). Another problem is that the solidus tempera-
ture of the crustal materials depends on the chemical com-
position, pressure, and the quantity of H2O and CO2 (Ash-
worth and Brown, 1990), and cannot be deﬁnitely given. It
was also revealed in recent years that the heat conductivity
of crustal materials is much lower than previously thought
under high-temperature conditions, and, hence, the crust
may be partially melted owing to heat generation by crustal
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Fig. 1. Map showing the Japanese Islands. Red triangles and red traces
indicate active volcanoes and active faults, respectively. Solid circles
indicate the points at which mantle xenoliths were found (Arai et al.,
2007). The Philippine Sea Plate subducts beneath the Japanese Islands
toward west-northwest along the Nankai Trough.
deformations such as orogenic movements (Whittington et
al., 2009).
Hasegawa et al. (2000) suggested another method to
model the thermal structure of the crust: they estimated the
thermal structure of the upper crust in the Tohoku district,
Japan, from P-wave perturbations obtained by travel time
tomography. It would be difﬁcult, however, to apply their
method to the lower crust because of the lack of informa-
tion on the mineral distribution. Therefore, the problems in
modeling the thermal structure of the deep crust are due to
limitations in the information available on the distribution
of material properties.
2.2 A method proposed in this study
We ﬁrst estimate the temperature both immediately above
and beneath the target depth of the lower crust, and then use
the model under the assumption that the lower crust temper-
ature is intermediate between those temperatures (Fig. 2).
More speciﬁcally, the temperature at the bottom of the seis-
mogenic layer is ﬁrst estimated. Next, the temperature at a
depth of more than 45 km (upper mantle) is inferred. Fi-
nally, temperatures between the two depth points are lin-
early interpolated at each latitude and longitude. A three-
dimensional thermal structure model is, thus, constructed
all over the Japanese islands through this process. Mean-
while, in areas where the upper boundary of the Philippine
Sea Plate (PSP) is at a depth of 45 km or less, we made use
of existing research data to estimate the temperature distri-
bution along the upper boundary of the PSP. Then, we lin-
early interpolate the temperatures in the regions between the
upper boundary of the PSP and the bottom of the seismo-
genic layer. Temperatures at greater depths than the upper
boundary of the PSP fall outside the realm of our research.
Details for each step are described below.
2.2.1 The temperature of the bottom of the seismo-
genic layer According to Turcotte and Schubert (2002),
the strength of rocks in a brittle region is a function of depth
z:
σb = [±2μ (ρgz − p)]
[(
1 + μ2)1/2 ∓ μ
]−1
, (1)
where σb is a tectonic deviatoric stress, μ is the friction
coefﬁcient, ρ is density, g is the gravitational acceleration,
and p is pore pressure. The upper and lower signs apply to
reverse and normal faults, respectively. On the other hand,
rocks ﬂow at a depth deeper than the brittle-ductile transi-
tion (BDT) depth, and the ﬂow strength σ f is expressed
as the constitutive law of dislocation creep (e.g., Bu¨rgmann
and Dresen, 2008):
σ f = A−1/n f −r/nH2O ε˙1/nexp [(Q + PV )/(nRT )] , (2)
where A is the material constant, Q is the activation energy,
P is pressure, V is the activation volume, and n and r
are the stress and fugacity exponents, respectively, all of
which are determined experimentally for each mineral. ε˙
is the viscous strain rate, fH2O is the fugacity of water,
R is the gas constant, and T is the absolute temperature.
At the depths where brittle to ductile transition occurs, the
following equation holds:
σb = σ f . (3)
Thus, the strength curve is described as the well-known
‘Christmas-tree’ model (Fig. 4).
A strong correlation is widely known to exist between the
bottom depth of the seismogenic layer and the BDT depth
(e.g., Sibson, 1982; Ito, 1990). This study sets appropriate
values to the parameters other than the temperature T at the
bottom of the seismogenic layer for Eqs. (1) and (2), and
solves for T assuming that Eq. (3) holds at that depth.
This study uses D90 as the representative value for the
bottom depth of the seismogenic layer, which is the depth
at which more than 90% of earthquakes occur at a shal-
lower depth (e.g., Tanaka, 2004). We obtained D90 through
the following steps. First, we extracted all hypocenters
(315,131 events), other than low-frequency events and ar-
tiﬁcial events, that occurred in the period from October
2001 to December 2008 from a uniﬁed hypocenter cat-
alog of the Japan Meteorological Agency, with standard
errors in the latitudinal and longitudinal directions within
0.05◦, with standard errors in focal depth within 3 km, and
with magnitudes larger than 1. Note that we did not ex-
clude aftershock sequences of any earthquakes. Grid points
were placed at 0.2◦ latitudinal and longitudinal increments
within the range of 124.7◦E–147.1◦E and 25.5◦N–46.5◦N,
enough to cover the target area depicted in Fig. 1. At each
grid point, events were extracted in which the epicenters
lie within a 10-km radius from the grid point. Finally, the
events were sorted in order of depth, and D90 was deﬁned
from the upper 90% of the events counting from the shal-
lowest earthquake. Further, earthquake counts were limited
to those having a depth shallower than 40 km, or shallower
than the Paciﬁc plate and PSP, or shallower than the Moho
discontinuity by Katsumata (2010). Some grid points were
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Fig. 2. Flow diagram to simulate the crustal deformation of the Japanese Islands. Numerals correspond to the section number in this study.
Fig. 3. Distribution of heat ﬂow data. Solid circles indicate grid points at
longitudinal and latitudinal intervals of 0.3◦ having data points of three
or more. The entire data of Tanaka et al. (2004), including those esti-
mated by assuming the heat conductivity, were used for the compilation.
re-processed with a radius of 20 km whenever the number
of events was less than ten. The distribution pattern of D90
obtained in this way (Fig. 5) is very similar to those of pre-
vious studies (e.g., Tanaka, 2004; Omuralieva et al., 2012).
Upon evaluating Eq. (1), the densities were calculated by
converting the P-wave velocities (Matsubara et al., 2008)
using an empirical relation by Christensen and Mooney
(1995). The friction coefﬁcient was set to 0.6 (Byerlee,
1978), and the pore pressure was calculated under the as-
sumption of hydrostatic pressure. The fault type was set
Fig. 4. Christmas-tree model of the depth distribution of the crustal
strength.
to be reverse faults in northeastern Japan and Hokkaido, as
strike-slip faults in southwestern Japan, and as normal faults
in a part of Kyushu, according to the Earthquake Research
Committee (2001). The value of the tectonic stress σb for
a strike-slip fault was set as the average of those for reverse
and normal faults.
The horizontal strain rate in Eq. (2) was set using the
analysis results of the Global-Positioning-System (GPS)
data of Sagiya et al. (2000). Experimental results for quartz
(Rutter and Brodie, 2004) were used for the parameters of
Eq. (2) as the weakest mineral that composes granite. The
fugacity of water was calculated by multiplying the litho-
static pressure by the fugacity coefﬁcient of Holland and
Powell (1998). Finally, Eq. (3) was solved for the unknown
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Fig. 5. Distribution of D90.
value T .
2.2.2 Thermal structure below 45 km The thermal
structure at a depth of more than 45 km was modeled using
the method reported by Nakajima and Hasegawa (2003).
First, seismic attenuation tomography data of the mantle are
converted to a three-dimensional, relative-thermal-structure
model by using equation (16) of Karato (1998), in which the
quality factor has a proportional relation to the exponential
of the inverse of absolute temperature. Next, by taking into
account the temperatures indicated by mantle xenoliths at a
certain reference point, the relative-thermal-structure model
is converted to an absolute-thermal-structure model.
For attenuation data, we used Nakamura (2009)’s re-
sult of the three-dimensional attenuation tomography of S
waves in the crust and the upper mantle across the Japanese
Islands. The intervals between the grid points for tomog-
raphy were 0.2◦ both in the latitudinal and longitudinal di-
rections, and a 30-km interval was used for depth. Only the
tomography data with sufﬁcient resolution from a checker-
board test (Nakamura, 2009) were utilized in this study.
The points in which mantle xenoliths were found are lo-
cated in the west of southwestern Japan and in the north of
northeastern Japan (Fig. 1), and the equilibrium tempera-
tures of the samples between those areas are known to be
systematically different (Arai et al., 2007). We set Ichi-
nomegata and Aratoyama as respective reference points for
northeastern and southwestern Japan, and set the equilib-
rium temperatures to 950◦C and 1050◦C, respectively, us-
ing the research result of Arai et al. (2007) as a reference.
In most cases, the mantle xenoliths obtained in the Japanese
Islands were spinel peridotite (Abe and Arai, 2005), which
stably exists in the depth range shallower than about 60 km
according to a P-T diagram (e.g., Gill, 2010). Therefore,
we set the representative depth, at which the mantle xeno-
liths in the Japanese Islands had existed, to 45 km as the
intermediate depth between the Moho boundary (about 30
km) and 60 km.
Two absolute-thermal-structure models were thus created
using the temperatures at the respective reference points,
based on a relative-thermal structure model obtained us-
ing the attenuation tomography data of the mantle. These
two models were integrated into a single model by taking a
weighted average of the two models, and by gradually vary-
ing the weight of values in central Japan.
2.2.3 Temperature of the upper boundary of the
Philippine Sea Plate (PSP) The temperature of the up-
per boundary of the PSP was given by assuming a ther-
mal gradient for each region. According to Yoshioka and
Murakami (2007), the temperature of the upper boundary
of the PSP at a 30-km depth, where it subducts along the
Nankai Trough, ranges between 350 and 450◦C. Based
on the fact that the maximum focal depths of small earth-
quakes in the Wadati-Benioff zone become signiﬁcantly
deeper in the Kyushu and Tokai-Kanto regions, Hasegawa
et al. (2010) speculates that the thermal gradients are lower
in these areas. Considering these previous studies, the ther-
mal gradient on the upper boundary of the PSP was assumed
to be 9◦C/km in Kyushu, 15◦C/km in Shikoku to central
Japan, 11◦C/km in southern Kanto, and 7.5◦C/km in north-
ern Kanto. A model by Nakajima and Hasegawa (2007),
and Nakajima et al. (2009), was used for the depth of the
upper boundary of the PSP.
3. Results
Figure 6(a) shows the distribution of the D90 tempera-
ture across the Japanese Islands, ranging between 320 and
420◦C. High-temperature areas corresponded closely with
the distribution of active volcanoes (Fig. 1), and with the
geothermal area in the northern part of central Japan.
In the thermal distribution at 45-km depth in Fig. 6(b),
ranging between 800 and 1200◦C, the temperatures in
northeastern Japan were generally lower than in southwest-
ern Japan owing to differences in the reference temperature
of the mantle xenoliths. Not shown here, the temperatures
at the depths of the Conrad and Moho discontinuities (Kat-
sumata, 2010) ranged between 400 and 700◦C and between
600 and 900◦C, respectively.
The distribution of temperatures in the lower crust were
such that, at a 24-km depth for example, a high-temperature
area at about 650◦C was surrounded by a mid-temperature
area at 500–600◦C, except in the southwestern area where
PSP is subducting (Fig. 7). In southwestern Japan the tem-
peratures around the subducting area are low, ranging be-
tween 250 and 350◦C, but the rest of the inland area reﬂects
the thermal distribution of the upper mantle, and the tem-
perature tends to be higher than in northeastern Japan.
4. Discussion and Concluding Remarks
The model obtained in this study is consistent with pre-
vious studies. For example, Hasegawa et al. (2000) com-
pared the spatial changes in the isothermal line at 300◦C,
400◦C, and 500◦C, from P-wave perturbations and the cut-
off depth of shallow seismicity, and showed that the cut-off
depth generally matches the isothermal line at 400◦C. Strict
comparisons are difﬁcult because their “cut-off depth” is
not clearly deﬁned, but their result does not contradict our
model of the thermal distribution for D90 which has an av-
erage value of 385◦C with a standard deviation of 24◦C.
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Fig. 6. Temperature distribution at the depth of D90 (a) and 45-km depth (b).
Fig. 7. Temperature distribution at 24-km depth.
Also, Tanaka (2004) estimated that the temperature at D90
in the Japanese Islands ranges between 250◦C and 450◦C
on the basis of the thermal gradient data. In addition, our
model corresponds well with the thermal distribution that
is collaterally calculated in the simulation of the transporta-
tion of ﬂuid within the crust and mantle (Iwamori, 2007).
We calculated the geothermal gradients between the sur-
face and D90 using the geothermal structure model obtained
in this study, assuming the temperature at the surface to be
0◦C. The geothermal gradients thus obtained were mostly
distributed in the range of 20–40◦C/km (Fig. 8), the distri-
bution pattern of which closely matches the measured data
of Tanaka et al. (2004), although the present result is gen-
erally lower than the measured values. This discrepancy
may come from (i) the fact that Tanaka et al. (2004)’s data
contain a number of points from the hydrothermal ﬁeld, (ii)
the difference between the depth ranges used for the cal-
culation of the geothermal gradient, and/or (iii) the possi-
ble underestimation of the D90 temperature of our model
in the hydrothermal regions. The D90 temperature of our
model becomes higher if the friction coefﬁcient μ is set to
a value smaller than 0.6. For example, the D90 tempera-
ture at 10-km depth is 374◦C when μ is set to 0.6 and the
other parameters (ρ, fH2O, ε˙) to (2.8 g/m
3, 65 MPa, 10−15
strain/s), while it becomes 400◦C when μ is set to 0.4. Fur-
thermore, even if μ is ﬁxed to 0.6, if the pore pressure is ab-
normally high such as 50% and 80% of the lithostatic pres-
sure, the temperature can still take higher values of 385◦C
and 429◦C, respectively.
We assumed D90 as the representative depth of BDT for
simplicity. It should be noted, however, that more recent
studies have suggested that the zone over which earthquakes
may nucleate is actually a subset of the range over which
brittle deformation occurs, with the seismogenic zone hav-
ing a velocity-weakening frictional property (e.g., Scholz,
1998). Therefore, D90 possibly represents the depth at
which velocity-strengthening starts to dominate, and the
BDT lies in the deeper regions. In that case, our assump-
tion that D90 coincides with the BDT may underestimate
the depth of the BDT. But, on the other hand, it is specu-
lated that the frictional-stability transition and the BDT are
closely related to each other (e.g., Scholz, 2002), and, in
fact, there is an observation that co-seismic frictional slip
and aseismic plastic ﬂaw coexist at the bottom of the seis-
mogenic zone (e.g., Takagi et al., 2000). To further compli-
cate matters, the BDT may not represent a sharp transition
from brittle to ductile behavior, but rather a more gradual
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Fig. 8. Geothermal gradient. The left panel (a) indicates geothermal gradients between the ground surface and the D90 depth obtained in this study.
The right panel (b) indicates geothermal gradients measured at boreholes (Tanaka et al., 2004), the depth of which ranges from 300 and 6400 m and
averages 1100 m.
zone of semi-brittle-behavior (e.g., Kohlstedt et al., 1995).
Given the lack of constraints on the frictional-stability and
BDT, we retain the simplest assumption that D90 represents
the BDT depth. Further reﬁnement of this model may be
possible with better information about the transitional prop-
erties at the bottom of the seismogenic zone in the future.
It is expected from Eqs. (1)–(3) that the BDT temperature
becomes lower as the BDT depth becomes deeper. For ex-
ample, while we can calculate the BDT temperature at 10-
km depth as 374◦C assuming μ is 0.6 and p the hydrostatic
pressure, the temperature becomes 358◦C when the depth
is set to 15 km. In fact, a strong correlation was found be-
tween the temperature and the logarithmic depth of D90 of
our model, with a correlation coefﬁcient of −0.85. By com-
parison, the correlation coefﬁcient between the temperature
and the logarithmic strain rate was 0.44, much lower than
that for D90.
It should be noted that the following problems arise upon
using the GPS data as the strain rate for Eq. (2): (i) ε˙ in Eq.
(2) represents the viscous strain rate, but the GPS data are
also affected by the elastic strain rate that cyclically accu-
mulate during interplate earthquakes with a recurrence time
interval about 100 years; (ii) differential stress that gener-
ates reverse and normal faults is the absolute value of the
difference between principal stresses in the horizontal and
vertical directions (Anderson’s Law), but GPS data analy-
ses lean towards the evaluation of plane strain rate using
horizontal components only. The vertical component has
been recognized to have a poorer quality and has seldom
been subjected to detailed examinations. This is true also
for data provided by Sagiya et al. (2000), which we utilized
in this study. Therefore, we used the horizontal maximum
shear strain rate as the representative scalar data.
The heat ﬂow data, used in the conventional method to
model a thermal structure on the basis of a partial differ-
ential equation, are obtainable only at the ground surface,
which is generally more than 10 km above the lower crust.
Heat ﬂow data are also much sparser than the hypocenter
distribution data (Fig. 3). Furthermore, one should accu-
rately know the mineral distribution and the environment
in the lower crust to solve the partial differential equation.
Therefore, our method can be expected to have a higher
resolution and to be more robust than the conventional
method to model the thermal structure of the lower crust
for forecasting simulations of crustal deformations, despite
the aforementioned ﬂaws. The applicability of our method
is owed to the high seismicity beneath Japan. Thus, our
method is possibly applicable to regions other than Japan
if they have high seismicity. We are planning to validate
the usability of our method by constructing a viscoelas-
tic crustal structure model beneath Japan and executing a
crustal deformation simulation, based on the thermal struc-
ture model obtained in this study.
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